INTRODUCTION

39
As sessile organisms, plants are subjected to changing temperatures on a daily, 40 seasonal or annual basis. For example, temperate-region winter annuals which 41 germinate in the autumn and overwinter in a vegetative state (before flowering in 42 spring) often experience sharp declines in growth temperature during early 43 development, followed by exposure to extended cold through winter: in these 44 conditions the ability to maintain growth in the cold will be advantageous as it may 45 accelerate development in the following spring (Preston & Sandve, 2013 ). This will 
58
It is well-documented that growth temperature impacts on the relative growth conducted at constant temperatures (e.g. Atkin et al., 2007 
136
In studies investigating the recovery of growth of plants exposed to cold, it is 137 important to also consider the nitrogen economy of the plant, as changes in plant 
255
The whole-plant RGR of warm-grown plants over the experimental period was 256 75 mg g -1 d -1 (Fig. 1a , Table 1 ) and warm-developed ND leaves emerged (i.e. Table 1; Table S1 ; Table S2 ).
264
ND leaves appeared later on cold-than warm-grown plants; in the cold, they (Table   268 1). The RGR of most plant parts recovered to approximately 40%, and of the roots 269 to 45%, of the warm-grown control values ( Fig. 1 ; Table 1 ). ND leaves exhibited 270 higher growth rates than PE leaves at both temperatures; however, the rate of ND 271 leaf growth in the cold was only 37% of that at the higher growth temperature (Fig.   272 1f; Table 1) . RGR values of all plant parts except PE leaves were numerically, but 273 not significantly, greater after ND leaves had developed in the cold (Table 1; Table   274 S2). Measurements of growth made on cold-grown plants with ND leaves frequently 275 exhibited higher variances than those made prior to the production of these leaves 276 (as evidenced by the Levene test for homogeneity of variance; Table S2 ). This may 277 have been due to inherent plant variability or to greater between-plant variability in 278 response to the cold and may have masked differences between treatments.
279
The differences in RGR among the different plant organs resulted in changes 280 in biomass allocation. Leaf mass contributed to over half of the initial plant mass in 281 warm-grown control plants (Fig. 2a) . In both temperature treatments, the ratio of PE 282 leaves to total plant mass (PE LMR) declined over time ( Fig. 2a ; Table S1 ) but this 283 was more rapid in warm-grown control plants (P=0.015; Table S2 ). The leaf mass Table S2 ). There was a slight but significant 286 increase in total LMR over time in both treatments (Table S1) . No significant 287 changes in RMR were observed prior to the development of new leaves ( Fig. 2d; 288 Table S1 ). However, following the emergence of ND leaves there was a small but 289 significant increase in RMR over time at 5 o C ( Fig. 2d; Table S1 ), although the slope 290 was not significantly greater than that prior to the production of these leaves (Table   291   S2 ). Averaged over all measurement dates, the root:shoot ratio of cold-grown plants 292 was consistently slightly lower than that of warm-grown plants (0.14 compared to 293 0.17 respectively; P=0.016).
294
Any change in biomass allocation in the cold may be related to the slower 295 overall rate of growth and may therefore be due to differences in developmental Table S2 ); 299 however, the proportion of plant mass allocated to PE and ND leaves differed: for 300 any given total plant mass PE LMR was numerically higher in cold-grown plants as Table S2 ). RMR was consistently, but not significantly, 303 lower in the cold once new leaves have started to appear (Fig. 2h) .
304
Mature cold-developed leaves had lower final specific leaf areas (SLA) than 305 warm-grown leaves ( Fig. 3a & b ; Table 2 ). PE and ND leaves showed a similar Table 2; Table S3 ). Leaf DMC was 311 higher in ND leaves at both temperatures whereas LFMA was similar in both PE and 312 ND leaves in the cold but lower in ND leaves at 23 o C (Table 2) . LFMA increased 313 more slowly in PE leaves in the cold (Table S3 ). Leaf DMC also demonstrated higher 314 variance in cold-shifted plants.
315
LAR was calculated (eqn. 1) as the product of LMR (Fig. 2a) and SLA ( Table S1 ) as PE LAR decreased but was not fully 322 compensated for by the increase in ND LAR.
323
NAR was calculated from the measured data using LAR and RGR (Eqn. 2).
324
In the cold NAR was reduced to 30% of that of the control prior to the production of 325 ND leaves but recovered to 68% of the control value once new leaves had been 326 produced (Table 1) .
327
Taken together, the growth and biomass allocation data demonstrate that 328 while initial exposure to cold greatly inhibited growth, particularly of the roots, 
342
Total plant nitrogen content (PNC) varied slightly between treatments (Table   343 1) and mass-based total N concentration (Nmass) varied between tissues (Fig. 4) . The from an initial drop for stems, increased slightly over time (Fig. 4 b & c) . (Fig. 7a) . The nitrogen uptake rate (NUR) of the roots declined over time (Fig. 7b) .
381
NUR in warm-grown plants was initially approximately double the rate in cold-grown 382 plants but declined to a similar level by d14. The rate of decline in NUR was slower 383 at 5 o C (Fig. 7b) . N uptake at 23 o C was for the most part greater than that at 5 o C for 384 any given plant size indicating that there was a temperature effect on N uptake over 385 and above that caused by slower rate of development at lower temperatures (Fig.   386   7c) . NUR was also greater in warm-grown plants than for a cold-developed plant of 387 similar developmental stage (Fig. 7d) .
388
NP was reduced to 28% of the control rate when plants were first place in the 389 cold (Table 1) . However, post emergence of ND leaves, NP of the cold-treated 390 plants recovered to 37% of the control rate (Table 1) . 
403
There was a recovery of whole-plant RGR in the cold after 17 days (Fig. 1) .
404
Initially exposure to the cold resulted in a drop in the RGR of the whole plant to less However, an increase in leaf-level photosynthesis will not necessarily result in an 418 increase in the rate of whole plant C gain, as this will also depend on the effect of (Fig. 2) . and will be dependent on the supply of energy from photosynthesis and respiration.
527
Secondly, recovery of growth may have been supported in these plants from 528 the reallocation of stored nitrate into organic compounds on a gradual and continuing 529 basis over the course of the experiment (Fig. 5) . In warm-grown plants, a greater 530 proportion of N was present as NO3 -, but this pool was depleted in cold-grown 
